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Abstract 
Direct bandgap energy (Eg) and lattice deformations were investigated in β-FeSi2 epitaxial films grown by 
molecular beam epitaxy (MBE) with different growth condition.  As Si/Fe flux ratio during the MBE growth 
became smaller than Si/Fe = 2.0, the lattice constants deviated from those of β-FeSi2 single crystal, which 
indicated an enhanced lattice deformation at the lower Si/Fe ratio.  In photoreflectance (PR) measurements, the 
PR spectra shifted to lower photon energy with the enhanced lattice deformation.  These results revealed that 
the Eg of β-FeSi2 epitaxial film was modified by the lattice deformation depending on the growth condition.   
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1. Introduction 
Semiconducting β-FeSi2 thin films on Si substrates have attracted much interest as silicon-based 
optoelectronics materials as it shows photoluminescence (PL) at 1.54 μm [1].  For the application to 
Si-based light emitter using β-FeSi2, a technique to enhance the 1.54 μm-PL intensity should be 
developed.  In PL and photoreflectance (PR) studies in the β-FeSi2 thin films, the 1.54 μm-PL was 
found to be due to the indirect transition [1-5].  On the other hand, the theoretical calculations have 
predicted a band-structure change from indirect to direct transition by the stress at the 
heteroepitaxial interface of β-FeSi2/Si [6].  Therefore, it is necessary to investigate the dependence 
of band structure on the stress in the β-FeSi2 epitaxial films on Si.  Recently, we have investigated 
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lattice deformation and direct bandgap (Eg) in β-FeSi2 epitaxial films on Si(111) and Si(001) 
substrates [2,3].  As a result, the change of Eg was successfully observed when the lattice 
deformation was induced by thermal annealing.  This is the first experimental results which show 
the band-structure change by the strain at the β-FeSi2/Si interface.   
In this study, we fabricated the β-FeSi2 epitaxial films on Si(001) substrates with different Si/Fe 
flux ratio.  In the films, the lattice deformation and Eg were investigated to confirm the band-
structure change depending on the Si/Fe ratio. 
2. Experiments 
β-FeSi2 epitaxial films were grown on n-type floating-zone Si(001) substrate (ρ = 2.0-3.0 kΩ cm) 
by MBE using template technique.  After the cleaning by the RCA method, the substrates were 
heated to 800°C for 30 min to remove the surface oxide layer.  A 24 nm Si buffer layer was grown 
at 550°C, and then, a 20-nm-thick (100)-oriented β-FeSi2 epitaxial template was formed by reactive 
deposition epitaxy (RDE) at 550 °C.  After that, a 130-nm-thick β-FeSi2 epitaxial film was grown 
on the template by co-deposition of Si and Fe at 550 °C.  During the MBE growth, the Si/Fe flux 
ratio was changed from 0.4 to 2.0 by controlling deposition rate of Si.  The crystal structure of the 
films was analyzed by high-resolution X-ray diffraction (HRXRD : X’pert Pro, PANalytical) at 
room temperature.  The crystal orientation was confirmed by the conventional 2θ-θ scan.  The 
quality of the films was evaluated by the full width at half maximum (FWHM) of the rocking curve 
of the β-FeSi2(800) peak.  The lattice constant of a-axis was obtained by the β-FeSi2(800) 
diffraction peak position, and the average lattice constant of b- and c-axis was obtained by the β-
FeSi2 (220)(202) peaks .   
Detailed direct bandgap energies were obtained by PR spectra measured at 5.5 K.  In PR 
measurements, a halogen lamp in conjunction with a single grating monochromator was used as a 
probe source.  The pump source was 532 nm laser mechanically chopped at a frequency of 140 Hz.  
The PR spectra (ΔR/R) were expressed as the ratio of a small reflectance change (ΔR) caused by the 
modulation laser to the reflectance (R).  The ΔR/R was detected by an InGaAs photodiode.  The PR 
lineshape at low-electric-field could be expressed by a generalized Lorentzian function called the 
Aspnes third derivative functional form [7], 
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where Ej is direct bandgap energy, Γj is broadening parameter at interband transition.  Cj and θj are 
amplitude and phase factor, respectively.  The exponent m depends on the type of the transition.  In 
this study, m is fixed at 2.5 for a three-dimensional band-to-band transition. 
3. Results and discussion 
In 2θ-θ XRD measurements, all the samples grown at the different Si/Fe ratio showed the epitaxial 
growth of β-FeSi2(100)//Si(001).  In rocking curves corresponding to β-FeSi2(800) diffraction peak, 
FWHM was 1.76° at Si/Fe = 2.0.  The FWHM became small at lower Si/Fe ratio.  These results 
indicate that the highest crystalline orientation is achieved at the lowest Si/Fe ratio of 0.5.  Figure 1 
shows the dependence of (a) the lattice constant in a-axis, (b) the average lattice constant in b-,c-
axis on the Si/Fe ratio.  As the Si/Fe ratio decreased, the lattice constant in a-axis expanded and that 
in b, c-axis shrunk.  The dependence of lattice constants on Si/Fe ratio clearly shows that the lattice 
deformation depends on the Si/Fe ratio during the MBE growth.  In comparison with the lattice 
constants of β-FeSi2 single crystal (abulk = 9.881 Å, b, cbulk = 7.824 Å), the difference between the 
epitaxial films and the single crystal was largest at Si/Fe = 0.5.  These results show the enhanced 
lattice deformation at the lower Si/Fe ratio.   
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In order to investigate the effect of lattice deformation on band-structure change, we conducted 
the PR measurements.  In Fig.2, PR spectra of β-FeSi2 epitaxial films and the single crystal are 
shown.  In the single crystal, the direct bandgap of 0.938 eV was obtained by a least-square fitting 
using Aspnes equation (1).  In the epitaxial films, two direct bandgap energies defined as E1, E2 
were obtained [3].  In the sample grown at Si/Fe = 2.0, the E1 and E2 were 0.934 eV and 0.917 eV 
respectively.  These direct bandgap energies were smaller than that in the single crystal.  As the 
Si/Fe ratio decreased, both E1 and E2 shifted to lower energy.  These results revealed that the direct 
bandgap was shifted by the enhanced lattice deformation depending on the Si/Fe ratio.  In Fig. 3, the 
obtained E1 and E2 are plotted as a function of variation from the lattice constant of the single 
crystal in a-axis (Δa/abulk).  The circle points (●:E1, ○:E2) represent the direct bandgap energies 
obtained in Fig. 2.  The square points (■:E1, □:E2) are the results of the annealing-induced lattice 
deformation in previous reports [3].  As seen in the figure, the direct bandgap energies of E1 and E2 
in both cases shifted to lower energy as Δa/abulk increased.  Therefore, it was found that there is an 
universal relationship between the direct bandgap energy and the lattice deformation although the 
origin of the lattice deformation is different.   
Migas et al. have calculated the band structure of strain-free and highly-strained β-FeSi2 [6].  In 
the strain-free β-FeSi2 (single crystal), the band structure is indirect transition type.  As a large 
lattice deformation of Δa/abulk = +8.0% Δb/bbulk = +2.3%, and Δc/cbulk  = –1.9 % (lattice volume is 
constant) is introduced, the direct transition energy at Y-point in the Brillouin zone decreases from 
0.7 eV to 0.25 eV.  As a result of the bandgap modification, the band structure changes to direct 
transition type.  The calculated result could not be quantitatively compared with experimental 
results of Fig. 3 because the lattice deformations in this study was much small and the lattice 
volume changed with Si/Fe ratio.  However, the shift of Eg in Fig. 3 is qualitatively consistent with a 
common feature of the theoretical results that the conduction band shifts to lower energy by the 
lattice deformations [6,8].  Therefore, these results convince us that the band structure of β-FeSi2 
epitaxial film is modified by the lattice deformation. 
As described before, the highest crystalline orientation of β-FeSi2(100)//Si(001) is achieved at 
Si/Fe = 0.5.  The result indicates that the stoicheiometry of Si/Fe = 2 is accomplished at the Si/Fe 
flux ratio of 0.5, because Si atoms are also supplied by thermal diffusion from the heated Si 
substrate in addition to the Si supply at the growth surface.  In the case of Si/Fe ratio > 0.5, it is 
considered that the excess Si atoms exist as interstitial atoms or Si aggregation.  The origin of the 
lattice deformation depending on the Si/Fe ratio is unclear at present, but there is a possibility that 
the excess Si atoms affect the lattice deformation.   
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Fig.3. Relationship between lattice constants and direct bandgap energy 
4. Conclusion 
We fabricated the β-FeSi2 epitaxial films with different Si/Fe ratio.  Lattice constants in both a-
axis and b-, c-axis deviated from those of the single crystal as Si/Fe flux ratio decreased.  
Corresponding to the lattice deformation, the redshift of direct transition energies was observed in 
PR measurements.  These results are new verification of band-structure modifications caused by the 
lattice deformation.  Compared with the results of annealing-induced lattice deformation reported 
before, the universal relationship between the lattice deformation and the direct transition energy 
was confirmed in the β-FeSi2 epitaxial films.   
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